The antiviral activity of azidothymidine (AZT), dideoxycytidine (ddC), and dideoxyinosine (ddI) against HIV-1 was comparatively evaluated in PHA-stimulated PBM. The mean drug concentrations which yielded 50% p24 Gag negative cultures were substantially different: 0.06, 0.2, and 6 ,uM for AZT, ddC, and ddI, respectively. We found that AZT was preferentially phosphorylated to its triphosphate (TP) form in PHA-PBM rather than unstimulated, resting PBM (R-PBM), producing 10-to 17-fold higher ratios of AZTTP/dTTP in PHA-PBM than in R-PBM. The phosphorylation of ddC and ddI to their TP forms was, however, much less efficient in PHA-PBM, resulting in -5-fold and -15-fold lower ratios of ddClP/ dCIP and ddATP/dATP, respectively, in PHA-PBM than in R-PBM. The comparative order of PHA-induced increase in cellular enzyme activities examined was: thymidine kinase > uridine kinase > deoxycytidine kinase > adenosine kinase > 5'-nucleotidase.
Introduction
Dividing, long-term cultured cell lines and mitogen-stimulated human PBM have been used frequently as target cells for the study of antiviral activity of various drugs against HIV-1 (1-the most suitable target cells for antiviral testing, since they may provide a milieu close to the physiological condition. However, it is as yet poorly understood whether the sensitivity of HIV-1 to drugs as assessed in vitro in PHA-PBM reflects the virus-drug interactions in patients with HIV-1 infection.
In general, HIV-1 replicates more abundantly and rapidly in dividing, activated cells than in nondividing resting cells. HIV-1 proviral DNA synthesis in nondividing, resting cells, however, is initiated as efficiently as in activated cells, although the production of progeny vinon requires further activation (7) (8) (9) . PHA, a T cell mitogen, has been used to activate PBM to ensure productive HIV-1 replication in various in vitro drug assays (1) (2) (3) (4) (5) (6) . PHA stimulation is known to activate cellular enzymes that are directly involved in cellular DNA synthesis, to increase the size of intracellular dNTP pools, and to initiate cellular DNA synthesis (10). Among these cellular enzymes, nucleoside kinases are responsible for the 5'-phosphorylation of natural ribonucleosides and 2'-deoxynucleosides. These nucleoside kinases are also responsible for the anabolic phosphorylation of 2',3'-dideoxynucleoside analogues (ddN) such as 3'-azido-2',3'-dideoxythymidine (AZT or zidovudine), 2',3'-dideoxycytidine (ddC or zalcitabine), and 2',3'-dideoxyinosine (ddI or didanosine) to their corresponding 5'-triphosphates (1 1-14) . It is now known that different ddN require different cellular enzymes for their anabolic phosphorylation. For example, the initial step of AZT phosphorylation is catalyzed by thymidine kinase ( 11 ) , while that ofddC is by deoxycytidine kinase ( 12) . The initial step of phosphorylation ofddl is known to be catalyzed by cytosolic 5'-nucleotidase ( 14) . After these initial 5'-monophosphorylation steps, AZT, ddC, and ddI are ultimately 5'-triphosphorylated by other cellular enzymes ( 15) . Thus, each of these ddNs should be considered as different agents. Moreover, if cellular activation alters the expression and/or functions ofcellular enzymes, PHA stimulation may also cause alterations of the antiviral activity of ddN against HIV-1. In this regard, it remains unclear whether antiviral activities determined in vitro by using PHA-PBM as target cells reflect the antiviral activity of given compounds in vivo. 1 . Abbreviations used in this paper: ARC, AIDS-related complex; AZT, 3'-azido-2',3'-dideoxythymidine; CN50, drug concentration that yielded 50% p24 Gag protein-negative wells. ddA, 2',3'-dideoxyadenosine; ddC, 2',3'-dideoxycytidine; ddI, 2',3'-dideoxyinosine; ddN, 2,3'-dideoxynucleosides; PHA-PBM, PHA-stimulated PBM; R-PBM, resting PBM.
In this paper, we describe our finding that AZT is extremely potent against clinical HIV-1 isolates in comparison to ddl when assessed in PHA-PBM on the basis of molarity. The antiviral activity of AZT was -100-fold more potent than that of ddl. These findings pose a clear contrast with the currently recommended daily doses of AZT and ddl, which are both -500 mg (16) (17) (18) (19) (20) , producing peak plasma concentrations of both AZT and ddl of -2-5 ,M (20, 21 ) and roughly comparable antiviral activity in patients, although precise regimens for both drugs are still under study. These differences between in vitro and in vivo antiviral activity ofAZT and ddl could be due to different pharmacokinetics (e.g., intracellular half-life) ( 17, 20, 21 ) . However, it is also possible that PHA-stimulation may cause substantial changes in the intracellular metabolism of ddN, therefore, the in vitro antiviral data generated by using PHA-PBM may not necessarily reflect the ddN-HIV interactions in patients. To address these issues, we Isolation ofclinical HI V-I strains. All HIV-I strains were isolated from 12 patients with AIDS or AIDS-related complex (ARC) before they received antiviral therapy at the National Cancer Institute. Four patients had a history of AZT monotherapy and had developed HIV-1 variants less susceptible to AZT (6) , and the data ofthe AZT sensitivity of these patients' strains were not included.
To isolate HIV-l strains, PBM (1 -2 x 106) from patients were cocultured with PHA (10 Ag/ml, Sigma)-activated PBM (1 -2 X 106) from HIV-1 seronegative volunteers in 24-well microtiter culture plates (Costar Corp., Cambridge, MA) in 2 ml of culture media (RPMI 1640 medium supplemented with 15% heat-inactivated fetal calfserum, recombinant IL-2, 10 U /ml; Amgen Biologicals, Thousand
Oaks, CA, 4 mM L-glutamine, 50 U/ml of penicillin, and 50 ,g/ml of streptomycin). When the level ofp24 Gag protein in the culture supernatant reached > 10 ng/ ml within 10 d as assessed by p24 Gag protein radioimmunoassay (DuPont, Boston, MA), the supernatant was collected as a source of infectious virions and stored at -70°C, as described previously (6) . The success rate of isolating HIV-1 from patients' PBM was -90% in this study.
Determination ofsensitivity ofclinical HIV-J strains against 2',3'-dideoxynucleosides. Each HIV-1-containing supernatant was titrated for 50% tissue culture infectious dose (TCID50) using PHA-PBM and the p24 Gag protein radioimmunoassay, as previously described (6) .
Titration was performed in eight replicates. To determine the drug sensitivity ofeach HIV-1 strain, 5 X I05 PHA-PBM, which had been in culture for 2-3 d in IL-2-containing culture medium after stimulation with PHA (10 Ig/ ml), were exposed to a 20 TCID50 dose of each virus isolate and cultured in the presence or absence of various concentrations of AZT, ddC, or ddl. The sensitivity of a given HIV-l strain against a drug was defined as the drug concentration that yielded 50% p24 Gag protein-negative wells (CN50) (6) . When the concentration of p24 Gag protein was below the detectable level assessed by RIA assay kit (DuPont), that culture was defined as a negative well. All cultures were performed in quadruplicate in 24-well microtiter culture plates.
Metabolism studies. Freshly isolated PBM were stimulated with PHA (10 pg/ml) and cultured for 72 h in IL-2-containing culture medium (PHA-PBM). Freshly isolated, nondividing resting PBMC (R-PBM) and PHA-PBM were pulse labeled with 10 tM [3H]-dideoxynucleosides (1 Ci/mmol) for 12 h in IL-2-containing culture medium. Cells were then centrifuged and washed three times with cold PBS. After centrifugation, the cell pellets were subjected to extraction with 60% methanol. The extracts were then heated for 2 min at 950C and analyzed by chromatography on an ion exchange column (Partisil 10-SAX; Whatman Inc., Hillsboro, NJ) as previously described (22, 23) .
Determination of intracellular dNTP pools. To quantitate deoxyribonucleoside triphosphates (dNTPs), an enzymatic assay using DNA polymerase and synthetic oligonucleotides as templates was employed as previously described by Sherman and Fyfe (24) . In this assay, one dNTP present in excess is radiolabeled and the amount of radioactivity incorporated into DNA is proportional to the dNTP to be quantified. Briefly, PBM preparations were incubated with or without ddN for 72 h. After centrifugation, the cell pellets were washed three times with cold PBS and were subjected to extraction with 60% methanol. The extracts were then heated for 2 min at 950C.
The reaction mixture contained 0.05 U Sequenase 2.0 (United States Biochemical Corp.; Cleveland, OH), 50 mM Tris-HCl (pH 7.5), 10 mM MgCI2, 5 mM dithiothreitol, 0.5 mg/ml BSA, 0.25 mM template primer, 2. Reactions were carried out at 26°C, followed by placing each reaction mixture onto a filter (DE8 1; Whatman Inc., Clifton, NJ). The filters were dried, extensively washed with 5% Na2HPO4, once with distilled water, and then with 95% ethanol, and dried. The radioactivity on the filters was then counted in a liquid scintillation counter. The radioactivity (disintegrations per minute) was plotted against the amounts of dNTPs. The dNTP amounts in test samples were determined from these standard curves. In determining dNTP amounts in samples extracted from ddN-treated cells, an extract from cells cultured in the absence of ddN was mixed with an extract from ddN-treated cells in various ratios and the mixtures were subjected to the polymerase assay. From thus obtained linear curves for correction, the reduction by ddNTP was determined and the dNTP amounts were adjusted to represent the values otherwise obtained in the absence of ddNTP.
Nucleoside kinase and 5'-nucleotidase assays. Resting PBM (R-PBM) and PHA-PBM (1 x I08) were incubated for 12 h at 370C, and activities of nucleoside kinases and cytosolic 5 '-nucleotidase of the cell lysates were determined. Briefly, the cell pellet of each PBM preparation was washed three times with cold PBS and disrupted by one cycle of freezing-thawing followed by sonication in 500 M1 of extraction buffer (300 mM KCl; 50 mM Tris-HCl, pH 7.5; 4 mM MgCI2; 2 mM dithiothreitol; 1 mM PMSF; and 20% glycerol). After centrifugation, the supernatants (protein extracts) were examined for activities of various cellular kinases as well as cytosolic 5'-nucleotidase. The observed enzymatic activities were normalized to the unit of enzymatic activity/mg of protein. All enzyme assays were performed at 37°C and the activity was determined in the linear portion ofthe activity curve as described previously (25) . The reaction mixtures for determination of thymidine kinase, deoxycytidine kinase, adenosine kinase, and uridine kinase contained 90M4M 14C-labeled thymidine (dT), 2'-deoxycytidine (dC), adenosine, and uridine, respectively, and 3 mM phosphocreatine, 1 U of creatine phosphokinase, 2 mM MgCI2-ATP, 0.5 mg/ml BSA, and 100 mM Tris-HCl, pH 7.5. Phosphorylation of dideoxynucleosides in R-PBM and PHA-PBM. The effects of PHA stimulation on anabolic phosphorylation of radiolabeled AZT, ddC, ddI, and ddA in PBM were examined. R-PBM and PHA-PBM were exposed to each of the four radiolabeled 2',3'-dideoxynucleoside analogues ( 10 ,uM), and the levels of intracellular 5 '-phosphates were quantified by using HPLC. Fig. 2 shows representative profiles of intracellular concentrations ofmetabolites for each dideoxynucleoside. Levels ofintracellular AZT-5'-mono, di-, and triphosphates (MP, DP, and TP) were 110-, 30-, and 40-fold higher, respectively, in PHA-PBM as compared with those in R-PBM (Fig. 2 A) . In contrast, intracellular levels ofddCMP, -DP, and -TP were 10-, 10-, and 4-fold higher, respectively, in PHA-PBM (Fig. 2 B) . When the cells were incubated with ddl or ddA, both dideoxypurine nucleosides were poorly phosphorylated as compared to AZT. Moreover, there was only a less than twofold increase in the formation ofddATP in PHA-PBM as compared to that in R-PBM (Fig. 2 C and D) .
Kinetic study showed that the increase in the cellular AZTTP pool in PHA-PBM was significantly higher and occurred much sooner than in R-PBM (Fig. 3 A) . The concentration of AZTTP reached a plateau by 6 and 12 h of culture in R-PBM and PHA-PBM, respectively. In contrast, intracellular ddCTP levels continue to increase throughout the 24-h period oftime in both R-PBM and PHA-PBM, while its absolute concentrations were substantially lower compared to that of AZTTP (Fig. 3 A) . The formation of ddATP was found to be much poorer, and there was virtually no difference in its intracellular level between R-PBM and PHA-PBM for up to 12 h in culture (Fig. 3 A) . Moreover, the level of ddATP was lower than that of AZTTP or ddCTP in corresponding PBM populations throughout the 24-h culture interval. A quantitative study of each nucleotide form of AZT revealed a profound increase in AZTMP level in PHA-PBM as compared to that in R-PBM (Fig. 3 B) , which confirmed previous findings by Furman et al.
( 1 1) and others (26) .
Determination of ratios of 2',3'-dideoxynucleoside-5'-triphosphates/2'-deoxynucleoside-5'-triphosphates. The ratio of 2',3'-dideoxynucleoside-5'-triphosphate over 2'-deoxynucleoside-5'-triphosphate (ddNTP/dNTP) is one of the most important determinants of antiviral activity of ddN against HIV-1. We, therefore, evaluated the intracellular pool sizes ofdTTP, dCTP, and dATP by employing an enzymatic assay using synthetic oligonucleotides as template-primers (24) and determined the ratios ofintracellular AZTTP/dTTP, ddCTP/dCTP, and ddATP/dATP.
As shown in Table I , when PBM from donor A were examined, the intracellular AZTTP levels were 0.03 and 5.29 pmol/ 106 cells and those ofdTTP were 0.48 and 6.09 pmol/ 106 cells in R-PBM and PHA-PBM, respectively (Table I ). The resulting AZTTP/dTTP ratio showed a substantial increase from 0.06 to 0.87 (14.5-fold increase). By contrast, the ratios of ddCTP/dCTP and ddATP/dATP decreased from 2.11 to 0.28 (7.5-fold decrease) and from 0.44 to 0.03 (14.7-fold decrease) when determined in R-PBM and PHA-PBM from the same donor A exposed to [3H]ddC and [3H]ddI, respectively. As expected, when the cells were cultured with ddA, the ratio of ddATP/dATP also showed a substantial decrease from 1.37 to 0.1 1 ( 12.5-fold decrease), which was very close to the decrease seen with ddI (Table I) . Changes in the ddNTP/dNTP ratios were comparable when two additional pairs of R-PBM and PHA-PBM isolated from donors B and C were used (Table I) .
Effects of AZT, ddC, ddl, and ddA on the cellular dNTP pools were also determined. As shown in Table II , the levels of dNTPs were dramatically increased by PHA stimulation. In both R-PBM and PHA-PBM, the levels of dGTP and dATP were lower than those ofdCTP and dTTP. After 72-h exposure ofthe cells to 10 ,M AZT, ddl, or ddA, cellular dNTP pools did not show significant changes, whereas the exposure to ddC decreased dCTP levels from 1.15 to 0.21 and 4.24 to 1.87 pmol per 106 of R-PBM and PHA-PBM, respectively (Table II) .
PHA-induced changes in cellularphosphorylating enzymes. To define the biochemical basis of the observed differential phosphorylation profiles of deoxynucleosides and dideoxynucleosides, we examined the activities of cellular enzymes that mediate phosphorylation of nucleosides and dideoxynucleosides in R-PBM and PHA-PBM. We found that the activity of thymidine kinase, which is responsible for 5'-monophosphorylation of thymidine and AZT, was significantly higher in PHA-PBM than in R-PBM. The difference was by as much as 17-fold (Fig. 4) . The activity of deoxycytidine kinase, which mediates 5'-monophosphorylation of dC and ddC, was slightly higher (twofold) in PHA-PBM than in R-PBM. In contrast, the activity of cellular adenosine kinase, which is responsible for 5'-monophosphorylation of adenosine and is thought to contribute to the ultimate formation of dATP, was substantially high in R-PBM, and upon PHA stimulation there was only a slight increase in that kinase activity (1.2-fold) (Fig. 4) . Interestingly, the activity of cytosolic 5'-nucleotidase, which catalyzes 5'-monophosphorylation of ddI ( 14), had rather a slight decrease in PHA-PBM as compared to that in R-PBM (from 660 to 510 nmol/h per mg protein) (Fig. 4) . The comparative order ofdegrees ofenzymatic activity increase induced by PHA stimulation was thymidine kinase > uridine kinase > deoxycytidine kinase > adenosine kinase > 5'-nucleotidase.
Discussion
The current study demonstrates that antiretroviral 2',3'-dideoxynucleoside analogues, AZT, ddC, and ddI, present substantially different profiles in anti-HIV activities and anabolic phosphorylation in PHA-PBM and R-PBM. AZT showed an extremely potent antiviral activity against HIV-1 and was roughly 100-fold more potent than ddI on the basis ofmolarity as assessed in PHA-PBM. The geometric mean of CN50 was 0.06 ,M (range 0.02-0.2 ,M) as assessed in PHA-PBM. In contrast, the mean CN50 value of ddI was 6 ,M (range: 3-14 ,uM) under the same conditions. In this regard, Perno et al.
have reported that, in monocyte/macrophages, the anti-HIV R-PBM and PHA-PBM were exposed to 10 MM AZT, ddI, ddA or ddC for 72 h. Cells were extracted and 2'-deoxyribonucleoside-5'-triphosphate levels were determined as described in Methods. Data represent mean values± 1 SD of three independent experiments, each of which was performed in triplicate using a different donor's PBM preparations. Variability in this assay system was < 5% of the values obtained. activities of AZT and other thymidine analogues, but not that of ddI, are potentiated by the addition of granulocyte macrophage colony-stimulating factor (27) , suggesting that the phenomenon is not only with PHA stimulation. The differential antiviral activities of AZT and ddI based on their molarity clearly contrast with the currently recommended doses of AZT and ddI for the therapy ofAIDS, which are both -500 mg and bring about roughly comparable antiviral activities in patients receiving either of the two drugs alone (16) (17) (18) (19) (20) .
The extremely potent inhibition of HIV-1 replication by AZT in PHA-PBM appears due to the selective, efficient phosphorylation of AZT to its 5'-triphosphate form. Upon PHA stimulation, the increase in AZT-5 '-monophosphate was most significant among the AZT metabolites examined (Fig. 2 A and  Fig. 3 B) . This increase correlated with the increased activity of cellular thymidine kinase which was the most sensitive to the PHA-driven induction among the cellular kinases examined (Fig. 4) . In contrast, ddI was poorly phosphorylated to its putative active moiety, ddATP, and the activity of cytosolic 5'-nucleotidase, which is responsible for the initial stage of phosphorylation of ddI, was found to be rather decreased in PHA-PBM (Fig. 4) , while the level ofthe natural competitor, dATP, had a substantial increase in PHA-PBM (Table I) . These results suggest that thymidine kinase plays a critical role in the selective phosphorylation of AZT in PHA-PBM. due to an inefficient conversion of ddI to ddATP coupled with a substantial increase of dATP. In this work, it was also noted that in stimulated PBM, activities of two enzymes, uridine kinase and adenosine kinase, were slightly lower and that of thymidine kinase was higher than such enzymic activities previously reported for certain tumor cells of human or murine origin (28, 29) , resulting in that activities of the enzymes listed in Fig. 4 were in the same range. This feature seems to be inherent to stimulated human PBM. In fact, Cheng and Traut have observed a similar range of activity of uridine kinase in human PBM and suggested that the activity of uridine kinase is likely to be cell type-specific and dependent on cell growth (30) . Dideoxynucleoside-5'-triphosphates (ddNTP) are known to compete with normal 2'-deoxynucleoside-5'-triphosphates (dNTP) for binding to reverse transcriptase and/or to be incorporated into the growing retroviral DNA chain to bring about termination of viral DNA synthesis (31, 32) . Thus, the concentrations of the endogenous competitors, dNTP, influence the antiviral activity ofddN significantly. The ratios of intracellular ddNTP vs dNTP, therefore, are critical for ddN to exert their antiretroviral activity. Our results showed that the ratios of AZTTP/dTTP were more than 10-fold higher in PHA-PBM than in R-PBM, while the ratios of ddATP/dATP were more than 14-fold lower in PHA-PBM than in R-PBM. These data suggest that AZT is more active in protecting activated cells (33, 34) , HIV proviral DNA synthesis in quiescent lymphocytes is reportedly initiated as efficiently as in activated lymphocytes (7, 9) . Buktinsky and his co-workers have recently demonstrated that a large proportion of HIV-1 genome in asymptomatic individuals exists as full length, extrachromosomal DNA, which retains the ability to integrate upon activation of the host cell (8) . Thus, we would like to propose that a greater proportion of the antiviral activity of ddI preferentially protects resting cells against the infection by HIV-1 in vivo. In contrast, AZT preferentially protects activated cells against HIV infection in vivo. In fact, we have observed a statistically significant ddI therapy-related decrease in the amount of HIV proviral DNA in freshly isolated unstimulated PBM from patients with AIDS or ARC as assessed by quantitative polymerase chain reaction (35) . In contrast, no significant decrease in HIV-1 proviral DNA in unstimulated PBM from patients receiving AZT monotherapy has been detected (36) , although when patients were treated with AZT and recombinant IL-2, a significant decline of HIV-1 proviral copies has been identified (37) . These data suggest that quiescent lymphocytes were efficiently protected against HIV-1 infection and the viral load (as proviral DNA) in (nondividing) PBM was reduced by ddI therapy but not by AZT monotherapy, although more careful studies are required.
Thus, a regimen of simultaneous administration of AZT and ddI may represent a rational combination therapy. If administered simultaneously, AZT and ddI may provide complementary activity and may exert substantial (possibly synergistic) antiviral effect in vivo. Indeed, studies by Yarchoan et al. indicate that the simultaneous regimen of AZT plus ddi has brought about more significant and long lasting antiviral activity (as assessed by changes in CD4 counts and body weights) to patients with AIDS or ARC than the alternating regimen of AZT for 3 wk and ddI for 3 wk (38) .
Our results also suggest that anti-HIV activity determined by using an in vitro assay system, in which only activated or dividing target cells are used, should be carefully interpreted and such data should not be directly extrapolated for clinical application. It is worth noting that multiple target cells including nondividing, quiescent target cells may be considered in evaluating the in vitro antiviral activity and metabolism of any given compounds, in particular, nucleoside analogues.
In PHA-PBM, ddC was less potent than AZT with a mean CN50 value of 0.2 ptM (Fig. 1) . However, to bring about a similar anti-HIV activity, the daily doses of ddC (2.25 mg/d) for patients are much lower than those of AZT and ddI (both -500 mg/d) (39, 40) . We found that the ratios of intracellular ddCTP/dCTP were higher in R-PBM than in PHA-PBM. Moreover, the presence of ddC caused a substantial decrease in the dCTP pool size both in R-PBM and PHA-PBM (Table II) .
These profiles of intracellular anabolism of ddC may relate to the potent antiviral activity and side effects of ddC seen in vivo (39) (40) (41) . It is likely that, as in the case of ddl, the antiviral activity of ddC may complement that of AZT and may bring about substantial antiviral activity than when each drug was administered alone. In fact, a simultaneous combination regimen of AZT plus ddC has been shown to yield a preferable in vivo antiviral activity in patients with AIDS or ARC (41) . However, it should be noted that because in our study only 10 ,uM [3H ]ddC was used, more detailed studies using lower concentrations of ddC are required.
In conclusion, although 2',3'-dideoxynucleoside analogues may have a common mechanism of anti-HIV activity, they have unequal anti-HIV activities and different anabolic phosphorylation profiles in the activated and resting PBM. Identification of these differences could benefit the development of strategies for anti-HIV chemotherapy, especially for combination chemotherapy.
